Summary: N-acetylaspartate (NAA) has been proposed as a marker of neuronal density. Therefore, regional mea surement of NAA by magnetic resonance spectroscopic imaging (MRSI) may provide a sensitive method for de tection of selective neuronal loss, in contrast to conven tional imaging techniques such as magnetic resonance imaging (MRI) . To test this hypothesis, we produced se lective neuronal injury by kainate-induced status epilep ticus. Three days later three-dimensional lH-MRSI was obtained and compared with conventional T 2 -weighted MRI and histological findings in normal and kainate-Selective neuronal loss is associated with epi lepsy (Ingvar et aI. , 1988) , global ischemia (Kirino, 1982) , and neurodegenerative diseases such as Alz heimer's disease (Khachaturian, 1985) . Clinically, conventional imaging techniques such as computed tomography (CT) and magnetic resonance imaging (MRI) are insensitive for early and specific detec tion of selective neuronal loss. Atrophy may be the only imaging finding in such diseases, and atrophy is neither a sensitive nor specific indicator of neu ronal loss, especially in the elderly. Imaging of N-acetylaspartate (NAA) distributions by magnetic resonance spectroscopy may provide a more sensi-treated rats. Reduction of NAA determined by MRSI in piriform cortex, amygdala, and hippocampus correlated well with neuronal injury determined from histology. Changes of NAA, without any MRI changes in hippocam pus, indicated greater sensitivity of MRS I for detection of neuronal injury. These results are consistent with the hy pothesis that reduction of N AA measured by MRS I may be a sensitive marker of neuronal injury in vivo in a va riety of disease states. Key Words: N-acetylaspartate Magnetic resonance spectroscopic imaging-Magnetic resonance spectroscopy-Epilepsy-Kainate. tive and specific method for detection of neuronal loss.
NAA is one of the most prevalent compounds in the mammalian central nervous system, where it occurs at a concentration of 5-10 mM (Tallan et aI. , 1956; Birken and Oldendorf, 1989) . Recent studies using immunohistochemistry (Moffett et aI. , 1991) and cultured neurons (U renjak et aI. , 1993) suggest that NAA is found primarily within neurons in adult brain. NAA is readily detected by IH magnetic res onance spectroscopy (MRS) of normal brain. Spec troscopic measurements of NAA in vitro or in vivo in various human diseases where neurons die such as stroke (Duijn et aI. , 1992) , Alzheimer's disease (Klunk et aI. , 1992) , Huntington's disease (Dunlop et aI., 1992) , encephalitis (Menon et aI., 1990) and acquired immunodeficiency syndrome (AIDS) de mentia (Menon et aI. , 1992; Meyerhoff et aI. , 1993) demonstrated significant reductions in the level of NAA/creatine + phosphocreatine peak ratio, NAA/choline peak ratio, or absolute NAA concen tration. Our group has recently found that NAA decreases in vulnerable regions after global isch-emia, a disease where neurons are specifically in jured (Higuchi et aI. , 1992) . Although N AA loss has been proposed as a sensitive indicator of neuronal injury, there are no reports that directly demon strate the correlation of regional NAA loss with neuronal loss.
Kainate produces status epilepticus in animals, leading to selective neuronal loss in regions such as the hippocampus (Schwob et aI. , 1980; Ben-Ari et aI. , 1981; Lothman and Collins, 1981) . The goal of this study was to test the following hypotheses: (a) NAA decreases after kainate-induced status epilep ticus; (b) reductions of NAA correlate well with neuronal injury determined from histology; and (c) NAA measured by three-dimensional proton mag netic resonance spectroscopic imaging (3D IH_ MRS I) is a more sensitive marker of neuronal injury than conventional T 2-weighted MRI.
MATERIALS AND METHODS

Animal preparation
Status epilepticus was induced in 11 awake, male, Sprague-Dawley rats (260-320 g) by systemic injection of kainate (Sigma Chemical Co. , St. Louis, MO, U. S.A.). Kainate (2 mg/ml) was dissolved in normal saline and injected subcutaneously at 10 mg/kg. Ten additional rats were used as normal controls.
MRI and 3D I H-MRSI were performed 3 days after the injection of kainate. Rats were initially anestheti � ed by inhalation of 4% isoflurane. After endotracheal mtuba tion, the rats were ventilated with 1. 8-2.0% isoflurane with a mixture of oxygen and nitrous oxide. Atropine sulfate (0. 33 mg/kg) was injected intramuscularly to re duce tracheal blockage from sputum. A polyethylene catheter was placed in the femoral artery for blood gas determination and continuous blood pressure monitoring. Animal temperature was monitored using a rectal probe and maintained at 37-38°C by passing warm air through the bore of the magnet.
Method of 3D I H-MRSI and MRI
A QUEST 4400 imaging spectrometer (Nalorac, Mar tinez, CA, U. S. A. ) operating at 7 T was used in these experiments. 3D IH-MRSI was measured at 300.44 M�z with a water-suppressed spin echo pulse sequence usmg B I -compensated adiabatic pulses with echo time (TE) = 272 ms and repetition time (TR) = 1,000 ms (Fernandez et aI. , 1992) . A 2. 5 x 3. 0 cm 2 surface coil was used for excitation and detection. Sixteen steps of phase-encoding gradients were employed in all three spatial dimensions over 3 x 2 x 3 cm3 field of view (FOY), yielding a spatial resolution of 1. 9 x 1. 3 x 1. 9 mm3• Four acquisitions were collected at each phase-encoding step using a two-step phase cycle routine. Data were collected as symmetrical echoes with 512 points and a sweep width of 2,000 Hz.
T -weighted MRI at TR = 1,000 ms and TE = 80 ms was 2 also obtained from the same slice position as MRSI using the same surface coil (Fernandez et aI. , 1992) . Mul tislice MRI data sets were collected as serial single slice acquisitions; slice thickness was 2 mm. A 128 x 128 im age was obtained over a 3 x 3 cm 2 FOY and zero-filled to 256 x 256 for display.
Data processing
Line broadening of 5 Hz and zero-fIlling to 1,024 points were applied in the spectral domain, and data sets were zero-filled to 32 x 24 x 16 points in the spectral domain. After Fourier transformation, reconstructed data were examined with software developed in our laboratory (Maudsley et aI. , 1992) . Pixel intensity in spectroscopic images of individual metabolites was proportional to the signal integrated over a user-defined chemical shift range. To register the anatomic location of metabolite distribu tions in MRS images, these images were overlaid by high pass filtered MR images, which delineated high-contrast tissue edges.
Individual complex spectra selected from the MRSI study data sets were automatically phase corrected and spectral analysis was performed using a constrained least squares fit procedure (Maudsley et aI. , 1993) . Spectra were analyzed for NAA, choline, creatine + phosphocre atine, and lactate resonances. A Gaussian line shape model was used.
Spectra were selected from 14 bilaterally symmetric regions of interest (ROIs), which consist of frontal cortex, parietal cortex, caudate-putamen, piriform cortex, amygdala, and rostral and caudal hippocampus in each rat (Fig. 1 ). The volume of each ROI was the same with one pixel volume of MRS I (1. 9 x 1.3 x 1. 9 mm3). The regions were identified from the higher spatial resolution mul tislice MR images. Peak integrals of spectra from each region were used to evaluate metabolites. The 2. 02-ppm peak was assumed to consist solely of NAA, because the contribution by other chemicals should be small. Indices of %NAA and %MRI were calculated to compare signal changes in each region. Calculations included compensa tion of the sensitivity profile of the surface coil. Index of %NAA indicates the percentage of the NAA integral in each region compared with the average NAA integral in the same region of normal rats. Index of %MRI indicates the percentage of the MRI signal intensity in each region compared with the average MRI signal intensity in the � __ "_. ': 5 ..:
.. " .. same region of normal rats. These were calculated as fol lows:
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( 2) where n = total number of normal rats, i = serial number of each region, j = serial number for all rats, k = serial number for normal rats and IMRI = signal intensity of MRI. Equations (1) and (2) assume that the quality factor (Q) of the surface coil and position of head to the coil do not change between studies. Changes of Q were found to be small, and in the range of 53 ± 6. 5 for several studies.
Because the resultant signal sensitivity varies as y' Q, this term was not included in the calculation.
Histological procedure
At the end of the MR protocol, which was performed 3 days after the injection of kainate, II animals (5 normal and 6 kainate-treated rats) were perfused transcardially with a buffered 4% paraformaldehyde solution, and brains were removed from the cranium and kept in the same fixative at 4°C. Four to five weeks later, brains were cut into 2-mm coronal slices, processed, and embedded in paraffin. Sections (6 !-lm) were cut from an area in close proximity to the corresponding MR image slices, and stained with cresyl violet for histological grading of neu ronal loss and hematoxylin-eosin (HE) for evaluation of glial replacement and pannecrosis. Neuronal loss was graded using a modified scaling of Pulsinelli' s report (Pulsinelli et al. , 1982) , where 0 = normal brain, I = scattered neurons damaged, 2 = moderate number of neurons damaged, 3 = many neurons damaged, and 4 = majority of neurons damaged in each ROI, which was approximately 2 x 1 mm2 in size. Histological evaluation was conducted by a blinded observer.
Statistical analysis
All data are presented as mean ± SD. Statistical anal yses comparing %NAA for each region or physiological parameter between normal and kainate-treated rats were done using two-tailed unpaired t test with Bonferroni cor rection for mUltiple comparison. The correlations be tween histological grade and %NAA or %MRI were an alyzed using a nonparametric test of Spearman's prank correlation coefficient. p < 0. 05 was considered signifi cant for each analysis.
RESULTS
All kainate-treated rats consistently displayed the complex behavioral syndrome previously described in detail (Ben-Ari et al., 1981; Lothman and Collins, 1981) . Within 30-60 min after kainate injection, rats showed the characteristic behavioral change, com monly referred to as "wet-dog shakes." Subse quently, the shaking was gradually accompanied by rearing and tremor of the forepaws. Finally, rats developed severe seizures for about 4-8 h, charac terized by generalized convulsions, rearing and fall ing, and strong salivation.
Physiological variables during MR measurements were maintained as follows: Maximum and mini mum blood pressures in normal rats were 114 ± 7 mm Hg and 77 ± 5 mm Hg; arterial blood pH was 7. 45 ± 0. 04; P aco2 was 38 ± 3 mm Hg; and P a02 was 194 ± 79 mm Hg. Maximum and minimum blood pressure in kainate-treated rats was 112 ± 6 and 74 ± 3 mm Hg; arterial blood pH was 7. 39 ± 0. 04; P aco2 was 38 ± 5 mm Hg; and P a02 was 254 ± 52 mm Hg. There were no significant changes in these variables except that arterial pH was slightly lower in kainate-treated rats (p < 0.05), although still in the normal physiological range; this may be due to acidosis during seizure (Walton, 1993) .
MRI and MRSI
The distribution of NAA and T2-weighted MRI in normal and the kainate-treated rat are displayed in Figs. 2 and 3. In the kainate-treated rat, deficits in the distribution of NAA are clearly demonstrated in bilateral hippocampus, piriform cortex, and amygdala. This observation was made for all kain ate-treated rats. T 2-weighted MRI showed high sig nal intensity in bilateral piriform cortex and amygdala of all kainate-treated rats. In contrast, al most normal intensity was demonstrated in bilateral rostral hippocampus of 10 kainate-treated rats (91 %) and caudal hippocampus of 8 kainate-treated rats (73%).
The %NAA values are shown in Figure 4 . The %NAA was significantly decreased in piriform cor tex, amygdala, rostral hippocampus, and caudal hippocampus of kainate-treated rats. No significant change was revealed in frontal cortex, parietal cor tex or caudate-putamen. These results show that the regional distribution of NAA loss closely paral lels the known distribution of kainate-induced neu ronal necrosis (Schwob et al., 1980; Ben-Ari et al. , 1981; Lothman and Collins, 1981) .
Histological findings
In kainate-treated rats, histological changes in piriform cortex occurred bilaterally, with grade-2 changes in one rat, grade 3 in one rat, and grade 4 in four rats (Fig. 5a ). Grade-4 changes occurred bilat erally in amygdala of all six kainate-treated rats. Bilateral changes in rostral hippocampus of kainate treated rats occurred with grade-2 changes in three rats, grade 3 in two rats and grade 4 in one rat ( Fig.  5c and d) . Bilateral changes in caudal hippocampus of kainate-treated rats occurred with grade-3 changes in five rats and grade 4 in one rat. The rank order of vulnerability in hippocampus was CA3 > CA4 > CAl> dentate granule cells. No region of grade 0 was found in piriform cortex, amygdala, or hippocampus of kainate-treated rats. In contrast, all kainate-treated rats showed normal histology for caudate-putamen. Normal histology was also dem onstrated in frontal and parietal cortex except for grade-1 changes in only three frontal and parietal cortex regions (Fig. 5e ) of two kainate-treated rats. Scattered neuronal necrosis was found only in layer 3 and/or 5 of these cortical lesions.
Early cystic areas of neuronal necrosis accompa nied by extensive edema were found in the most severely damaged hippocampus and all regions of piriform cortex and amygdala after kainate injec tion. The HE stain showed that there were no pan necrotic areas, and that reactive glial cells replaced neurons in the areas of neuronal loss in piriform cortex, amygdala, and hippocampus. These results confirm that the distribution of kainate-induced se lective neuronal necrosis closely parallels the dis tribution of decreased %NAA.
The relation between %NAA and histological grade is shown in Fig. 6 . A significant correlation between %NAA and histological grade was demon-
strated for all 154 regions as well as piriform cortex, amygdala, caudal hippocampus, and rostral hippo campus. The correlation in frontal and parietal cor tex was not significant, but the reduction of %NAA tended to correlate with histological grade. The re lationship between %MRI and histological grade is shown in Fig. 7 . A significant correlation between %MRI and histological grade was demonstrated for piriform cortex and amygdala. In contrast, no sig nificant correlation was found in rostral hippocam pus, caudal hippocampus, and frontal and parietal cortex. The least change of %MRI was shown ex cept in piriform cortex of grades 2, 3, and 4; amygdala of grade 4; and hippocampus of grade 4. The correlation for all 154 regions was significant but weak compared with the correlation between %NAA and histological grade. These results sup port the hypothesis that changes in NAA reflect neuronal necrosis in contrast to poor correlation be tween MRI intensity and neuronal loss.
Relationship between NAA and MRI
The correlation between %NAA and %MRI in piriform cortex, amygdala, and rostral and caudal hippocampus is demonstrated in Fig. 8 . The con ventional T 2-weighted MRI showed high signal in tensity in bilateral piriform cortex and amygdala of all kainate-treated rats. Conversely, MRI showed almost normal signal intensity in bilateral rostral and caudal hippocampus of 5 rats (83%) that were histologically examined, although neuronal injury occurred in these regions for all rats that received kainate. In contrast, significant decreases of %NAA were demonstrated in the bilateral rostral and caudal hippocampus as well as the piriform cor tex and the amygdala of kainate-treated rats using l H-MRSI ( Figs. 4 and 8) . These results show that MRI detected abnormalities in the amygdala and piriform cortex where there were early cystic areas of neuronal necrosis with extensive edema, but was insensitive to the selective neuronal loss without edema in hippocampus.
DISCUSSION
There were three major findings in these experi ments: (a) NAA images using MRSI demonstrated significant reductions of NAA in hippocampus, pir iform cortex, and amygdala, where neuronal loss due to kainate-induced status epilepticus occurred; (b) these reductions of NAA had good correlation with histological measure of neuronal injury; and (c) NAA images had greater sensitivity for detection of neuronal injury than conventional spin echo MRI.
Reduction of NAA and neuronal injury
The results shown in Fig. 4 demonstrate that NAA significantly decreased in piriform cortex, amygdala, and rostral and caudal hippocampus of kainate-treated rats. This result is consistent with the previous reports of vulnerable regions after kainate-induced status epilepticus (Schwob et aI., 1980; Ben-Ari et aI., 1981; Lothman and Collins, 1981) . Various reports using MRS or MRSI in focal ischemia showed significant reductions in the level of NAA/creatine + phosphocreatine, NAA/ choline, or ipsilateral NAA/contralateral NAA peak ratio (Duijn et aI., 1992; Hugg et aI., 1992) . Focal ischemia produces pannecrosis, including both neu rons and glia. In contrast, kainate-induced status epilepticus produces selective neuronal loss in vul nerable regions such as the hippocampus (Schwob et aI., 1980; Ben-Ari et aI., 1981; Lothman and Col lins, 1981 ). Thus, we are able to unambiguously demonstrate that NAA reduction is associated with histologically confirmed selective neuronal loss.
Reduction of NAA had significant correlation with histological grade of neuronal injury in all 154 regions as well as piriform cortex, amygdala, and rostral and caudal hippocampus. These findings suggest that reduction of NAA detected by IH_ MRS I truly reflects the degree of neuronal injury. The correlation in frontal and parietal cortex was not significant, but the reduction of NAA tended to correlate with histological grade. These regions had only scattered neuronal necrosis limited primarily to layer 3 and/or 5 in 2 of 6 rats that were examined histologically. Thus, current MRSI sensitivity may not be sufficient to detect scattered neuronal dam age of this degree.
The exact mechanism of reduced N AA in neuro nal injury is still unclear. One possible explanation for the observed reduction of NAA in neuronal loss might be reduction or loss of NAA production be cause of neuronal loss or mitochondrial dysfunction in neuronal injury. N AA is produced intracellularly in the mitochondria (Patel and Clark, 1979) , and was recently identified with neurons, using immu nohistochemistry (Moffett et aI., 1991) and cultured neurons (Urenjak et aI., 1993) . These data suggest that NAA is synthesized in neuronal mitochondria and that neuronal injury or neuronal loss results in decreased synthesis of NAA. The second possibil ity is degradation of NAA following neuronal in jury. Intracerebrally injected NAA is rapidly me- tabolized, whereas endogenous NAA turns over very slowly in rat brain (Nadler and Cooper, 1972) . Some investigators showed that NAA disappears much more rapidly from homogenates than from the intact brain (Goldstein, 1959; Jacobson, 1959; Nad ler and Cooper, 1972) . Thus, Nadler and Cooper suggested that NAA amidohydrolase (acylase 11), which hydrolyzes NAA (Birnbaum et aI. , 1952) , is usually compartmentalized separately from the large pool of NAA in intact brain, but has free ac cess to exogenous NAA or endogenous NAA in the homogenate (Nadler and Cooper, 1972) . Therefore, another plausible explanation for reduced N AA af ter kainate-induced seizures is that NAA hydrolysis by acylase II is accelerated after disruption of cell membranes because NAA may be freely accessible to this enzyme.
Sensitivity of MRI and MRSI NAA changes to neuronal loss
Conventional MRI and CT rely on changes in brain water content and distribution as well as blood-brain barrier disruption to detect pathology (Naruse et ai. , 1982; Brody, 1991) . In diseases where neurons selectively die, the only change in these parameters may be the loss of water previ ously found in neurons. This volume loss may be J Cereb Blood Flow Metab, Vol. 14, No. 3, 1994 partially replaced by glial water signal due to reac tive gliosis (Schecter et aI. , 1981) . Therefore, MRI and CT may be insensitive to pure neuronal loss. Since NAA appears to be produced exclusively in neurons in adult brain, imaging NAA may be a more sensitive means of detecting neuronal loss. This hypothesis is supported by the results of this study. The conventional T 2-weighted MRI showed normal intensity in 83% of histologically examined hippocampal regions for kainate-treated rats, but %NAA significantly decreased in these regions. These data suggest that MRSI N AA is more sensi tive than MRI in detecting neuronal loss under the conditions studied. In the piriform cortex and amygdala, both MRI and MRSI NAA showed ab normal findings. These regions had exclusively se vere histological changes including early cystic ar eas of neuronal necrosis with extensive edema. Thus, the increased MRI signal in piriform cortex and amygdala may reflect changes of water content and relaxation times resulting from cystic change and edema.
Limitations of MRSI
The relatively low concentration of NAA causes low signal-to-noise and limits the spatial resolution of IH-MRSI in comparison with that obtained by MRI. The point-spread function is inherently a broad function with ringing tails, which causes in tervoxel contamination. For example, a contribu tion to the NAA detected in the rostral hippocam pus will arise from hippocampal tissue and/or in the surrounding white matter spaces. Because regions such as piriform cortex and amygdala are larger than the spatial resolution, a relatively uncontami nated measurement can be made by selecting an effective voxel contained wholly within the region. However, for relatively small regions such as cau dal and rostral hippocampus the IH-MRSI measure ment could underestimate N AA reduction because of partial volume contribution from surrounding vi able tissue. These signal-to-noise considerations are more limited on lower field strength magnets used in human studies. The 2.02-ppm peak, assumed to consist solely of NAA, may contain signals from other chemicals. In addition, the value of %NAA used for evaluation of NAA is not quantitative and reflects not only con centration but also T 1 and T 2 relaxation times. Fu ture MRSI studies may be improved by quantitation of NAA and relaxation measurements, and by com-parison with NAA concentration by high perfor mance liquid chromatography measurements.
Despite these limitations, IH-MRSI offers a unique diagnostic method for observation of distri bution of NAA in vivo. Our findings suggest that the reduction of NAA observed in vivo by IH-MRSI is a sensitive marker of neuronal injury. Further more, changes of NAA are observed without any T2-weighted MRI changes, indicating greater sensi tivity of MRSI for detection of neuronal injury un der the conditions studied. IH-MRSI may provide a diagnostic method for evaluation of neuronal dam age following brain injury and a variety of disease states, thereby guiding treatment. ment of Veterans Affairs Medical Center, San Francisco) for statistical analysis, Dr. Zhe Wu (Magnetic Resonance Unit, University of California, San Francisco and Depart ment of Veterans Affairs Medical Center, San Francisco) for spectral data processing, and Dr. Jingquan Lan (De partment of Neurology, University of California, San Francisco and Department of Veterans Affairs Medical Center, San Francisco) for assisting in the histological procedures.
